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Field effect transistors based on a GaN/AlGaN system have shown remarkable performance
characteristics in a wide range of device applications. However, due to the large effective mass of
GaN, the mobility in the channel is small. In this work, we consider a GaN/AlGaN structure with
a thin InN channel of the order of a few monolayers. We find that mobility in the channel can
improve considerably while breakdown characteristics are not expected to suffer. Mobilities of
.2500 cm2 ~V s!21 are predicted along with high sheet charges for low interface disorder. Good
agreement with experimental results is observed for higher degrees of disorder within the model. At
higher electric fields, we find that most electron population transfers to higher valleys or other
subbands that lie in AlGaN or GaN. We also compare the low-field mobility-charge product for this
structure with the conventional AlGaN/GaN structure and find that the two values are similar.































In electronic devices such as field effect transist
~FETs!, there are regions~under device operating conditions!
where electric fields are small~for instance, in the source
gate region! and other regions where electric fields are ve
high ~such as the gate-drain region!. For optimum perfor-
mance, one would need a high mobility~low effective mass
and low band gap! material for low field regions and a hig
saturation velocity and high breakdown field material for t
high field regions. In this article, we examine a GaN/AlGa
HFET with a very thin InN intermediate region~;15 Å!.
The motivation for the study is the expectation that at l
fields, the electron distribution will be in the InN region an
at high fields, there will be essentially no overlap of t
electronic state with the InN region. Thus we can expect h
mobility and high saturation velocity without significant in
crease in breakdown. The use of the InN channel is m
vated by recent reports1–3 that InN has a smaller band ga
than previously thought4,5 ~0.9 eV versus the previous 1.8
eV! and thus may have a very small effective mass.6–8 There
are currently no velocity-field calculations for a GaN/InN
AlGaN composite structure. Previous work in design of hi
electron mobility transistors~HEMTs! has addressed thi
problem for bulk nitride semiconductors9 or the problem of
two-dimensional transport in GaN channels, with fairly hi
peak electron velocities.10 Therefore it is not known if there
are any benefits in using the newer structures. We repo
comparative study on GaN/Al0.37Ga0.63N and
GaN/InN/Al0.37Ga0.63N.
Figure 1 is a schematic for one such structure. It e
ploys a high band gap material~in the present work,
Al0.37Ga0.63N) for the gate~G!, which reduces the probability
of tunneling, heavily doped drain~D! and source~S! regions






band gap material~in the present work, InN! is used in the
channel region, while another high band gap material~in the
present work, GaN! is used in the bulk region. Owing to
piezoelectric effect and spontaneous polarization,11–14a sheet
charge of;1014 cm22 can be induced at the heterostructu
interface between the gate and the channel material. T
forms the two-dimensional electron gas~2DEG! in this struc-
ture and supports conduction.
All materials in the structure are taken to be intentiona
undoped. Previous studies15 have indicated that even for im
purity concentrations as high as 531017 cm23 in a low band
gap material like GaAs, the scattering rates are<1011 s21.
In our study, these scattering rates are lower than even
weakest scattering mechanism~see Fig. 2!. Experimental
studies in nitrides grown by molecular beam epitaxy~MBE!
also discard ionized impurity scattering in favor of allo
scattering and interface roughness scattering.16 Hence we ne-
glect ionized impurity scattering in our study.
II. FORMALISM
The simulation of the structure involves the se
consistent solution of Poisson and Schro¨dinger equations in
one dimension and subsequent use of the solution in a M
Carlo simulation.
A. Charge control
Owing to piezoelectric effect and spontaneous polari
tion for AlGaN and InN grown onc-axis GaN, there is a
large charge density induced at the interfaces of differ
materials. Using parameters12 available in literature, we find
that the fixed charges at the interfaces~for structures studied
in this work, see Sec. III! are
~i! GaN/Al0.37Ga0.63N ~80 Å!: 2.05310
13 cm22.



























2499J. Appl. Phys., Vol. 94, No. 4, 15 August 2003 M. Singh and J. SinghAt the GaN/InN interface:21.6531014 cm22.
At the InN/Al0.37Ga0.63N interface: 1.86
31014 cm22.
These values of fixed charges are used in the cha
control calculation. The details of the charge control cal
lation have been dealt with extensively in the past.13,14 This
essentially involves the solution of the Schro¨dinger@Eq. ~1!#
and Poisson@Eq. ~2!# equations~in one-dimensional! self-
consistently to obtain the potential profile, carrier wave fun







FIG. 1. A schematic showing a composite nitride channel device. The c
nel region is composed of a low band gap material such as InN. The th
nesses of various layers are chosen to provide wave function switching







The Schro¨dinger equation yields the confined char
terms in the Poisson equation, which in turn determines
potential profile. This potential profile is fed back into th
Schrödinger equation and this process is repeated until
solution of the Poisson equation goes to convergence.
The resultant wave functions from the solution of Eq
~1! and~2! are then used to calculate overlap integrals,I mn ,





It must be noted that the above wave functions are n
malized over the entire device.
B. Monte Carlo simulation
Transport properties are calculated by the usual Mo
Carlo method.10,15,17,18This involves simulation of the mo
tion of a single electron over a long period of time~to obtain
carrier velocities! or simulation of many carriers over a sho
period of time to obtain the distribution of velocities. Th
Monte Carlo process models the dominant scattering me
nisms at 300 K—acoustic and polar optical phonon emiss




FIG. 2. Interface roughness, alloy scattering, acoustic phonon, polar op
phonon absorption, and polar optical phonon emission scattering rate
the GaN/InN/Al0.37Ga0.63N structure at 300 K. Polar optical phonon emi
sion dominates, being more than an order of magnitude higher than the
rates. Polar optical phonon emission is zero below the threshold en
hence those points do not show on this plot. Interface roughness param













































2500 J. Appl. Phys., Vol. 94, No. 4, 15 August 2003 M. Singh and J. Singhterspersed with periods of free flight. The process proce
in the following steps~for the GaN/AlGaN and GaN/InN
AlGaN structures!:
~1! Initial calculation of the scattering rates for intra- an
inter-subband scattering.
~2! Injection of electrons into the structure. Carriers are i
tially injected with thermal velocity.
~3! Random choice of scattering event as one of acou
phonon scattering, polar optical phonon absorption a
emission, intervalley scattering, interface roughness s
tering, alloy scattering, etc.
~4! Updating the final position and velocity of the electro
after the scattering event.
~5! Free flight.
Steps~3!–~5! are repeated until the end of the simul
tion. For the purpose of the simulation, we follow the moti
of one electron, for a long period of time~in the present case
16 ns!. This long period of simulation is chosen to ensu
that the velocity at the end of the simulation is a steady s
velocity ~corresponding to saturation!, uniquely correspond-
ing to the electric field in the channel. The resultant curve
used to deduce the low field drift mobility,m l . The advan-
tage of using this method is readily apparent—one can ob
a very fine level of detail about electron transport. T
parameters8 used in the Monte Carlo process are summari
in Table I.
According to first order perturbation theory, the scatt







whereHpert is the perturbation Hamiltonian for the intera
tion, andk is the index over all final states.
The details of calculation in quasi-two-dimensional sy
tems are slightly different from what Eq.~5! would
suggest.15 The matrix element used in Eq.~5! is calculated
by integrating an overlap integral term@either similar to Eq.
~3! or similar to it# with the three-dimensional matrix ele




uMmmu25E uM ~Q,q!u2uI mn~q!u2dq, ~6!







time ~ns! G ~s21!











whereQ andq are components of phonon wave vectors p
allel and perpendicular to the heterointerface, respective
We have also included the effect of interface roughn
scattering~see Appendix A for details!. Though prior studies
exist for this scattering mechanism,21 they do not include the
details of energy quantization explicitly. It is customary
use an energy independent expression for alloy scattering8,22
However, we use an energy dependent expression~ ee Ap-
pendix B! for completeness. The geometry used in these
culations is shown in Fig. 3.
C. Material parameters
The values of different material constants have be
taken from currently available literature.12,23–27There is con-
siderable uncertainty about values of nonparabolicity of
per valleys in the conduction band of wurtzite nitrides.28 We
use values of nonparabolicities obtained from a first pr
ciples calculation.29
The relation of effective mass of an electron in a sem











2 S 2EgG 1 1EgG1D D , ~7!
whereD is the separation between the heavy-hole and sp
off bands.
The fundamental band gap of InN was long thought
being around 1.89 eV.4,5 However, recent work indicates tha
the actual band gap of InN is much smaller, about 0.9 eV1–3
Using parameters in literature,30 we obtain a newer value o
the effective mass ('0.05m0). These values are then used
our calculations.
D. Parameter averaging
It must be noted that in the Monte Carlo approach,
electron is treated as a point particle along the channel pl
but in the growth direction~z direction!, it is represented by
an envelope function, calculated earlier in Sec. II A. The e
velope function for the ground state is localized very close
FIG. 3. Schematic for~a! interface roughness and~b! alloy scattering. For
alloy scattering, an array ofcylindrical scattering centers is used, with suc





































2501J. Appl. Phys., Vol. 94, No. 4, 15 August 2003 M. Singh and J. SinghGaN/AlGaN or InN/AlGaN interfaces~as the case may be!.
For higher subbands, it is spread into the GaN or AlG
region. To calculate the scattering rates for a state that o
laps several different regions, we need to use a reason
averaging procedure.
We average any given material parameter over the n
ber of layers,N, located atzi , i 51,...,N. Thus each subban
has its own value of the relevant parameter. We take
following definition for the subband dependent value o
material parameter,Gj , since the wave functions are norma
ized over the entire device,
f j i 5E
zj 21
zj




f ji Gi . ~8!
Equation~8! is used for all parameters, except effecti









In Eqs. ~8! and ~9!, the value ofGi and mi* on the
right-hand side is the material value in each layer. Th
space-averaged subband dependent parameters are the
in all the calculations in the simulation.
III. RESULTS
Simulations were carried out for the following stru
tures: GaN/Al0.37Ga0.63N ~80 Å! and
GaN/InN (15Å)/Al 0.37Ga0.63N (80 Å).
The reason for the choice of layer thicknesses as ab
is explained in Sec. III A. Further, the scattering rates cor
sponding to phonon scattering, considered in this study, w
calculated at 300 K. The results of that calculation are sho
in Fig. 5. In all the simulations, the interface roughness
rametery was chosen to be 0.5~i.e., half of the interface
between two materials is perturbed@see Fig. 2~a!#!.
A. Charge distribution
In Fig. 4 we present results for the charge control stu
of the structure: GaN/InN/Al0.37Ga0.63N ~80 Å!. It may be
noted that the charge induced in the channel region~InN!
layer increases as the thickness of the channel layer is
creased. This is due to better confinement of the ground s
wave function in the lower band gap material. Howev
there is an additional constraint—the overall strain energy
the structure. Experimentally,31 it has been found that growt
of pure InN layers of thickness as high as 10–20 Å is p
sible. However, structures with lower thicknesses like 7
suffer from the problem of large scale penetration of
ground state wave function into the barrier region. That
feats the very purpose of a high mobility design. This pe
etration into the barrier region is reduced substantially, wh
being conservative about the layer thickness, if we take
























B. Parallel transport calculation
In the three structures simulated, we find
~1! GaN/Al0.37Ga0.63N (80 Å). This case is included to
facilitate comparison with the current generation of HEMT
In Fig. 5, we present the low and high field velocity-fie
relationships for this structure, forL55 Å andD55 Å ~in-
FIG. 4. Charge control study of charge distribution in the InN layer in t
GaN/InN/Al0.37Ga0.63N structure. Thickness of the AlGaN layer is 80 Å
Note how the charge in the layer increases as the thickness of the InN
is increased.
FIG. 5. Monte Carlo study of electron transport in the GaN/Al0.37Ga0.63N
structure. Thickness of the AlGaN layer is 80 Å.~a! Low-field velocity field



























2502 J. Appl. Phys., Vol. 94, No. 4, 15 August 2003 M. Singh and J. Singhterface roughness parameters, see Appendix A! andR55 Å
~alloy scattering parameter, see Appendix B!. Low field mo-
bility turns out to be 1490 cm2 ~V s!21. This value is reason
able if one considers values reported in literature for bar
layers with lower Al content.32
The results for GaN channels are similar to the valu
calculated previously.10 An important point to note is that th
peak velocity is achieved at rather high fields. Due to
large carrier mass~and high density of states!, a very large
field is required to bring the carriers to high velocities.
may be noted that for GaAs, the peak velocity occurs at;3.5
kV/cm.
~2! GaN/InN (15Å)/Al 0.37Ga0.63N (80 Å). We present
velocity field relations for this case in Fig. 6 forL55 Å,
D55 Å, andR55 Å. Low field mobility is about 2500 cm2
~V s!21. This is much higher than the corresponding figure
a conventional GaN/AlGaN HEMT, with the same barri
thickness and Al composition. This higher mobility aris
largely from the confinement of the ground state wave fu
tion in the InN channel region. Further, the peak velocity,vpk
is also higher than the corresponding value in the first ca
Early work in the field33 suggests a very high value o
mobility in InN @>103 cm2/(V s)#. This value is close to the
value obtained with interface roughness ofL55 Å and D
FIG. 6. Results of Monte Carlo simulation with interface roughness par
eters L55 Å and D55 Å, with alloy scattering parameterR55 Å. ~a!
Low-field velocity field curves.~b! High-field velocity field curves. Note






55 Å. However, it must be understood that this simulati
takes two interfaces into account: GaN/InN an
InN/Al0.37Ga0.63N. Thus it is probable that the interface sca
tering rate is higher than it would be for a single interfa
with equivalent roughness, especially due to stronger ove
of the wave function with the interface roughness, owing
strong carrier confinement. Recent experimental studies i
cate that the measured Hall mobility in InN grown o
sapphire34 is quite low @;300 cm2 ~V s!21#. If we use a
higher value of island length (L570 Å) as in Fig. 7, we get
a value of .307 cm2 ~V s!21. The dominant scattering
mechanism is polar optical phonon scattering~see Fig. 2!.
Taking the Hall factor into account,35,36 we get a predicted
Hall mobility of .339 cm2 ~V s!21. This is in excellent
agreement with the above experimental result.
Other studies37 report an even lower value of mobility
@;100 cm2 ~V s!21#. This could be attributed to the poo
quality of the interface~indicating a high value ofL andD in
our model!. A recent report of fairly high mobility38 for a
much thicker structure~InN thickness;100–800 Å! is prob-
ably due to a lower overlap of the carrier wave function w
the interface roughness. No experimental studies for the
act structure being proposed here exist yet.
-
red
FIG. 7. Results of Monte Carlo simulation with interface roughness par
etersL570 Å and D55 Å, with alloy scattering parameterR55 Å. ~a!
Low-field velocity field curves.~b! High-field velocity field curves. The low














































2503J. Appl. Phys., Vol. 94, No. 4, 15 August 2003 M. Singh and J. SinghIt is worthwhile at this point to consider the possibili
of breakdown in the low band gap material, InN. In Fig. 8 w
show the probability density functions~PDFs! for the two
subbands in theG valley. As can be seen, the ground sta
wave function, which lies predominantly in the channel
gion ~from 80 to 95 Å, an extent of;15 Å!, is highly local-
ized. That implies that an overlap between this wave funct
and the wave function of a high energy breakdown initiat
state@highly delocalized, as in Fig. 1#, would be exceedingly
small. According to the discussion in Sec. II B, this implies
very small scattering rate between the two states.
This would reduce the probability of confined sta
breakdown. However, the standard conduction to vale
band breakdown would also be suppressed as the final s
in that case are delocalized three-dimensional states.
Due to the very small overlap, our conclusions on bre
down in the GaN/InN channel are:
~a! The threshold energy for breakdown is small~;0.9
eV!.
~b! However, due to the very small overlap of the hig
energy state and the band edge state, the breakd
rates are suppressed by a factor of 100. As a result
FIG. 8. Probability density functions for the structur
GaN/InN/Al0.37Ga0.63N, obtained by solving the charge control problem e
plained in Sec. II A. The wave functions are normalized over the depth
the device~taken as 300 Å!. The two lowest energy states are shown. T







breakdown rates are;1011 s21 and reach values o
;1013 s21 only when electron energies reach Ga
band gap energies.
As will be seen later in this section, the transit time of t
carrier across the channel is reduced in structures incorpo
ing InN. That means that for the small residual electr
population that might be found in the ground state at h
electric fields, the probability of its quick removal from th
region is also enhanced, thereby reducing the chance of s
tering into a breakdown state even further.
It can be seen from Fig. 9 that most of the electr
occupation is associated with the ground state wave funct
over a fairly wide range of electric fields. This implies th
transport properties are dominated by electrons in the gro
state from low fields to moderately high fields. It also may
noted that the electric field at which the occupation fract
in the ground state starts decaying in Fig. 9 also correspo
to the electric field at which electron velocity begins to e
hibit a decrease~in Fig. 6!.
From the results above, it is easy to discern a trend in
electric field at peak velocity,Epk . Not only is the velocity of
the carrier higher for the structures incorporating InN, t
peak also occurs at lower electric fields~for comparable val-
ues of interface roughness parameters!. This means that the
carrier would exhibit a peak velocity at much lower elect
fields, thereby reducing the transit time across the chann
To summarize, we present the results of the calculat
in Table II. It may be noted that the simulated electron m
bilities are the highest for the second structu
GaN/InN (15Å)/Al 0.37Ga0.63N (80 Å), with L55 Å, D
55 Å, andR55 Å. It is also worth noting that the mobility-
charge product, which quantifies the current carrying ca
f
FIG. 9. Wave function occupation fractions for the structu
GaN/InN/Al0.37Ga0.63N. It is easy to see wave function switching. Electro
occupation in the X valley is extremely low, and has been omitted
clarity.
l is 15
2504 J. Appl. Phys., Vol. 94, No. 4, 15 August 2003 M. Singh and J. SinghTABLE II. Summary of results of calculations: peak velocity,vpk , electric field at peak velocity,Epk , low-field
drift mobility, m l , 2DEG charge in channel region~InN in case of structures II and III!, n2DEG, and the
mobility-charge product. The thickness of the AlGaN layer is 80 Å, and the thickness of the InN channe
Å. Structure I: GaN/Al0.37Ga0.63N, II: GaN/InN/Al0.37Ga0.63N, interface island length55 Å and III:
GaN/InN/Al0.37Ga0.63N, interface island length570 Å.
Summary
Structure vpk ~cm s
21! Epk ~V cm
21! m l ~cm
2 V21 s21! n2DEG ~cm
22! m l•n ~V
21 s21!
I 2.523107 1.403105 '1490 1.13 1013 1.6931016
II 3.273107 8.003104 '2501 3.4631012 8.6431015






































tatesbility of the device, is not too adversely affected by the
troduction of the InN layer~see Table II!.
IV. CONCLUSIONS
In this work we have presented two sets of results, o
for GaN/AlGaN and a set for different values of interfa
roughness parameters in GaN/InN/AlGaN. The latter str
ture has been designed with the twin constraints of st
energy and available charge, for electron population redis
bution at high fields. The effect of suchwave function
switching is manifest—the high mobility capability of th
InN channel is exploited at relatively low electric field
while high breakdown capability of the AlGaN and Ga
layers is utilized at relatively high electric fields. The pro
ability of a breakdown occurring in the low band gap cha
nel region is reduced by the combined effects of low deg
of overlap between the bound states in the channel and
breakdown delocalized states, and the fast transit times o
carriers in the channel at lower electric fields.
As growth technology matures, it is possible in princip
to incorporate even thicker layers of InN, which would i
crease the amount of charge in the 2DEG~see Fig. 3!. This
would increase the mobility-charge product~see Table II!.
One of the immediately apparent advantages of this sch
is that the electric field at peak velocity,Epk , can be tailored
by varying the thickness of the channel region, quality of
interface, as well as the material~for instance, using
InxGa12xN instead of pure InN!. Thus from a device design
er’s standpoint, this structure is capable of more flexibilit
Recent work39 on InxGa12xN/GaN quantum wells indi-
cate that it is possible to grow extremely smooth surfaces
x.0.3. Future work would involve an investigation of th
effect of using InxGa12xN layers in the channel region~with
x,1) to make the use of thicker channel regions possib
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APPENDIX A: INTERFACE ROUGHNESS SCATTERING
Though prior calculations exist in literature for th
mechanism,21 we repeat the calculation since we consid
bandwise averaging of material parameters~see Sec. II D! in














model interface roughness as a disturbance in the potenti
the interface of two materials, thereby forming islands. T
parametery quantifies the spacing of these islands. We defi
the overlap integral between two envelope states as
I i j ~D![^ j u i &5E
2D/2
D/2
c j* ~z!c i~z!dz. ~A1!
The c functions above are normalized envelope fun












whereA is an arbitrary normalization area. The Hamiltonia
for the interaction can be written as
H85H U0 if uru,L2 ;uzu,D2
0 otherwise,
whereU0 is the potential difference that the electrons exp
rience between one island and the other. At this stage of
calculation,L stands for a general length of the island, n
the lengthL indicated in Fig. 2. The matrix element of th
interaction can be written as
~A3!
whereqi j 5uk82ku. The reason for the extra subscripts o
U0 andL is that they are averaged over each of the subba
~see Sec. II D!. This is necessary because the spatial variat
of each subband is unique. The scattering rate between s
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2p
\










2S qi j L2 D
3dS \22m ~k822k2!1DEi j D .
This can be simplified using the definition,ki j












The total scattering rate is given by splitting up the v
ume integral into an areal integral and a discrete sum in
confinement direction, over subbands.






















This expression is quite complicated in general, but c
be simplified considerably if we neglect all intersubba
transitions~i.e., consider the scattering to be completely el
tic!. Thuski j [0, qj j
2 [4kj










































2 islands of lengthyLi and
4A(12y)/p@(12y)Li #
2 of length (12y)Li . Taking this



















2@ki~12y!Li sinf#dfG . ~A6!
APPENDIX B: ALLOY SCATTERING
We divide the volume of the alloy into separate scatt
ing layers, each consisting of an array of scattering cent
Each scattering center has the shape indicated in Fig. 3~b!
The choice of this hardcylinder model, instead of the more
usual hard sphere model, is suggested by the underlying
ometry of the decomposition. Electron states are quantize
one spatial direction while maintaining their free particle n
ture in the other directions. That breaks the directional
generacy found in more conventional treatments of the pr
lem. The overlap integral at each scattering cen
~positioned atz0) can be written as
I i j ~z0 ,R!5^c j uc i&5E
z02R/2
z01R/2
c j* ~z!c i~z!dz ~B1!
The Hamiltonian for the interaction can be written as
H85H U0 if uru,R2 ; uzu,R
0 otherwise.
As might be expected, the calculation of scattering r
from one scattering layer proceeds with steps identica
those discussed in Appendix A. Ignoring intersubband sc
tering as before, we get,
Wi~k!5
miI ii







This is the scattering rate from one island. In each su
layer, there are 4A(12x)/pR2 atoms of type I and
4Ax/pR2 atoms of type II. Summing these~along with the
correct potential in each case!, we get the total scattering rat
from one scattering layer as
Wi~k!5
miI ii








To find the total scattering rate, we need to sum over
the layers. There areLal /R such layers (Lal is the thickness








































2506 J. Appl. Phys., Vol. 94, No. 4, 15 August 2003 M. Singh and J. SinghAt first sight, it might appear that the above sum addu
a geometrical structure composed of cylindrical columns t
run through the material, instead of an uncorrelated pat
of scattering centers. However, the averaging in each la
consisted of randomly placed scattering centers. Thus t
would be no such columns and the alloy would be rando
as it ought to be, by definition.
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